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Abstract
In this paper, a review of the in¯uence of the addition of different chemical elements to some transition metal nitrides and
 .carbides on their oxidation behaviour will be presented. The role of the addition of `reactive elements' RE on the type of oxide
phases formed, on the morphology of the oxide layers, on the oxidation kinetics and on the oxidation rate is emphasized.
Examples of the system W]NrC when Ti, Ni and Si are added, will be shown. The bene®cial action of the additional element on
oxidation resistance can be due either to the formation of some type of protective oxide layer, apart from the typical oxides
formed for those metal compounds, or to the blocking effect to the elemental diffusion, which is due to some type of compound
precipitation in the diffusion paths. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
It has been normal procedure in the development of
hard coatings to study their behaviour at increasing
temperatures in oxidizing environments, after the en-
visaged value for the mechanical properties has been
attained. Several proposals to overcome the mediocre
behaviour that some hard coatings show at high tem-
peratures have been presented. Without being exhaus-
tive on this matter, it is of value to refer to some
solutions, which have been used to improve the oxida-
tion resistance of these hard coatings:
 .The addition of `reactive elements' RE , such as Al,
Cr or Si, can act either as preferential nucleation sites
in the oxidation process, leading to the formation of a
protective scale, or they can form an intermediate
oxide layer acting as a diffusion barrier. Moreover,
their presence in solid solution, segregated, or as pre-
cipitates, can modify the oxide morphology and mi-
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crostructure, in¯uencing the diffusion rates and the
mechanical properties of the oxide scales.
The deposition of multilayer coatings } the scope is
the association of two materials, one of them with a
higher oxidation resistance than the other, in order to
give the overall coating good oxidation behaviour.
In recent years, the development of alternative metal
systems for Ti-based hard coatings has been the aim of
our research work. During this development, many
 .transition metal elements Ni, Fe, Co, Mo, Ti and
 .others Au, Si have been added to the base W]NrC
w xsystem, in order to improve mechanical properties 1]5 .
Similarly to Ti-based systems for some years, the oxida-
tion behaviour also began to be an important factor,
due to the poor in-service results achieved by our
coatings, in spite of their excellent laboratorial me-
chanical properties hardness )50 GPa, scratch test
.critical loads higher than 70 N . As a result, the in¯u-
 .ence of the addition of interstitial C and N and other
 .elements Ni, Ti and Si on the oxidation behaviour of
w xW ®lms was studied 6]10 . In those studies, besides
the comparison of the results of the oxidation resis-
tance, the identi®cation of the mechanisms governing
the oxidation of the coatings was one of our main aims.
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The aim of this paper is to present some typical
mechanisms which are known to improve the oxidation
resistance of materials, observed on W-based hard
coatings deposited by sputtering with different RE when
they were subjected to increasing annealing tempera-
tures in air.
2. Experimental procedures
2.1. Deposition technique
The ®lms were deposited by d.c. reactive magnetron
sputtering with a speci®c target power density of 10 W
cmy2 and a negative substrate bias of 70 V. Targets
 .were W, W]10%Ti and W]10%Ni mass fractions . In
the case of W]Si]N coatings, a W target encrusted
with a different number of Si implants was used. When
 .the reactive mode was used, different CH rN rAr4 2
partial pressure was selected, for a total deposition
pressure of 3=10y3 Pa. The deposition time was se-
lected so that a ®nal thickness in the range of 2]3 mm
could be obtained.
2.2. Characterization techniques
Thermogravimetric tests were carried out on a Poly-
 .mer Science Thermobalance of high-resolution 0.1 mg .
Oxidation tests were carried out in industrial air
 .99.995% purity in a temperatures range from 600 to
10008C. A constant isothermal time of 30 min was
generally used.
The structure of the ®lms was analysed by X-ray
 .diffraction XRD using a Siemens Diffractometer with
CoKa radiation. A Cameca SX-50 Electron Probe
 .Microanalysis EPMA apparatus was used to de-
termine the chemical composition of the coatings. The
cross-section of the ®lms obtained by fracturing the
.coated samples , its surface topology and morphologi-
cal details were examined in a Jeol T330 scanning
 .electron microscope SEM . The Auger analyses were
 .made using a 310 F Microlab VG Scienti®c equipped
with a ®eld emission type electron gun, a concentric
hemispherical analyser and a differentially pumped ion
gun. Auger spectra were taken using a 10 keV, 100 nA
primary electron beam. The angle between the primary
beam and the surface normal was 308. The calibration
of the analyser was made according to the following
peak energies: Cu LMM at 918.62 eV; Ag MNN at
357.80 eV and Au NVV at 70.1 eV.
3. Results and discussion
3.1. Single W coating
The oxidation of single W ®lm is similar to that
observed for bulk tungsten. The oxidation law is
Fig. 1. SEM micrographs showing different types of oxide layers destruction, resulting from the gas evolution during the annealing in air of
 .  .  .  .W]CrN]M sputtered coatings; a W Ti N , 6508Cr60 min; b W Si N , 8508Cr30 min.; c W C , 8008Cr30 min; d W Ni N ,43 13 44 24 21 55 93 7 66 16 18
7508Cr30 min.
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parabolic for the range 600]7508C which indicates that
the process is controlled by the diffusion of the reactive
 .species in this case oxygen ions through the oxide
layers. The apparent activation energy E s189 kJa
y1 .mol for the reactions is similar to that presented in
w xthe literature for bulk tungsten 7 .
The cross-section morphology analysis of the oxi-
dized coatings allows us to distinguish two oxide layers:
the inner of which is more compact than the porous
outer layer. X-ray diffraction analysis allowed the iden-
ti®cation of the inner layer as WO and the external asx
w xWO 7 .3
3.2. WqNrC coatings
The addition of interstitial elements C or N to the W
sputtered coatings causes, as a general result, a de-
crease in the weight gain during the oxidation tests, in
comparison to a single W ®lm. First of all it should be
noted that these elements can not be detected in the
oxide layers, i.e. they are lost to the atmospheric envi-
ronment. Thus, they counterbalance the incorporation
of oxygen and the increase in the weight of the sample.
On the other hand, in spite of the very low solubility of
CrN in the tungsten lattice, it is known that the
sputtering technique permits the placing of these ele-
ments at high contents in metastable positions in the
tungsten. During the oxidation process, at ®rst the
oxygen ions substitute CrN in those interstitial posi-
tions. These elements can diffuse outwards andror
 .form molecules of CO, CO rN . If the oxidation2 2
process proceeds slowly, the molecular gas can diffuse
outwards as it is formed. Otherwise, bubbles of these
gases can be formed on the interface oxidercoating.
The outward diffusion of CrN interferes with the in-
ward oxygen ion ¯ux, which retards their reaction with
metal ion on the interface metalroxide. Moreover, at
the outer oxide surface these elements can form a
gaseous layer, which lowers the adsorption of molecu-
lar oxygen and its dissociation and ionization processes.
The limiting step of this reaction should always be the
inward diffusion of oxygen ions as is demonstrated by
the apparent activation energy of approximately 200 kJ
moly1, very close to that formed for single W ®lm.
When the CrN content in the ®lm including the W
.®lms with Ti, Ni or Si addition is high enough, the
bubbles of molecular gas formed in the interface ox-
idercoating can reach a signi®cant size, creating stress
in the oxide layers which can lead to their destruction.
This has several different morphological aspects as
shown in the Fig. 1.
This phenomenon is in some cases very severe and it
is expressed in the oxidation curves by a sudden abrupt
decrease in the weight gain values arising from the loss
of ¯aked oxides from the sample holder in the ther-
mobalance.
Fig. 2. Arrhenius law for parabolic oxidation of W]CrN]M MsNi,
.Ti and Si sputtered coatings annealed in air at increasing tempera-
tures.
( )3.3. W] NrC ®lms with M addition
As a general trend, the addition of another element
 .to W] NrC sputtered coatings leads to an improve-
ment in their oxidation behaviour. Fig. 2 presents the
parabolic rate constants of oxidation as a function of
the oxidation temperature for some different types of
 .  .W] NrC ]M MsNi, Ti and Si ®lms.
The in¯uence of the addition of M depends on the
type of element and also on the presence of NrC in
the coating. For example, the W]Ti ®lm has a higher
oxidation resistance than the W]Ni ®lm, whereas the
inverse is observed between W]Ti]N and W]Ni]N.
The in¯uence of Ti should be different on W]Ti
 y1 . E s234 kcal mol and W]Ti]N E s197 kcala a
y1 .mol ®lms as is demonstrated in Fig. 2. In fact, the
 .different slope in ln K s f 1rT curves in this ®gurep
suggests different apparent activation energies, and
consequently different oxidation mechanisms for both
Fig. 3. XRD diffractograms of W]CrN]Ti ®lms oxidized at 8008C; s,
substrate; x, WO ; o, WO ; a, TiOsub2rTisub30sub5.x 3
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coatings. Moreover, the analysis of the X-ray diffrac-
tograms obtained at the oxidation temperature, allows
 . us to detect a phase TiO rTi O in W]Ti ®lms Fig.2 3 5
.3 which is not shown in W]Ti]N ®lms. Then, why is
there no formation of titanium oxides in the W]Ti]N
®lm, in spite of its higher titanium content in compar-
ison to W]Ti ®lms?
The analysis by EDS of the cross-section of the oxide
layers allows us to conclude that there is no agglomera-
tion of titanium oxide in the form of a protective layer,
at least with the lateral resolution permitted by the
EDS technique. The structure of the as-deposited W]Ti
®lm is the bcc a-W phase, with titanium in solid
solution in the tungsten matrix. If the reactivity of Ti
 oTiO2for oxygen is compared with that of W D H sf
y1 oWO3 y1 w x.y219 kcal mol , D H sy200 kcal mol 11 , itf
is possible to conclude that titanium can be preferen-
tially oxidized compared with tungsten, but at a very
low degree, i.e. tungsten is almost simultaneously oxi-
dized with titanium. Thus, TiO rTi O oxide must2 3 5
appear in the form of very ®ne particles Ti content is
.much less than W content in the boundaries of tung-
sten oxide grains. It is not possible that it can form a
continuous layer insideroutside the tungsten oxide
layer.
For W]Ti]N ®lm such a situation is not observed.
As deposited W]Ti]N has a W NrTiN fcc structure.2
These phases are completely miscible and so titanium
 .with lower content than W should be incorporated in
the lattice of W N. The analysis of W and Ti af®nities2
for oxygen and nitrogen shows that TiN oxidation is
 oTiN y1less favourable than W N D H sy80 kcal mol ,2 f
oW2N y1 w x.D H sy17 kcal mol 11 . As happens duringf
the oxidation of metal nitrides there is at ®rst the
substitution of N atoms by oxygen ions with nitrogen
liberation. The tungsten, which is in higher content in
the ®lm, oxidizes ®rst, forming the oxide structure with
titanium in substitution of tungsten ions. Thus, the
formation of individualized TiO rTi O grains is2 3 5
avoided.
The action of titanium oxide ®ne particles should be
related to their positioning in the grain boundaries of
W oxide grains. In the range of the temperature stud-
 .ied 600]8008C the diffusion of the reactive species
w xshould proceed via grain boundaries 12]14 . If the
diffusion is blocked in this way another diffusion mech-
anism should be activated. This is the case for the
W]Ti ®lm. The main oxide phases formed in this ®lm
are similar to other W-based ®lms a double layer of
.the compact WO and the external porous WO .x 3
 .Thus, the apparent activation energy E for the oxi-a
dation process, should also be the same. The higher Ea
value for W]Ti coatings means that another diffusion
mechanism controls the oxidation process. The
obstruction of titanium oxide particles to the diffusion
via grain boundaries allows that transport by bulk dif-
Fig. 4. XRD diffractograms of W]CrN]Ni ®lms oxidized at 8008C;
s, substrate; x, sWO ; o, WO ; q, NiWO ; a, FeWO .x 3 4 4
fusion is more feasible, as indicated by the higher
apparent activation energy found.
As far as the in¯uence of nickel is concerned, as
w xpresented in a previous paper 9 , two different mecha-
nisms must be considered to explain the oxidation
behaviour of W-based coatings containing nickel, as
two different parabolic behaviours can be found on the
analysis of the weight gain curves. At low oxidation
temperatures andror short oxidation times an appar-
ent activation energy in the range 180]210 kJ moly1
was calculated, suggesting that the limiting step for
oxidation is the inward diffusion of oxygen ions through
the WO layer. For higher oxidation temperatures anx
E value of 265]295 kJ moly1 was calculated, whicha
suggests another limiting mechanism for the oxidation
process. Owing to the higher af®nity of W to oxygen in
 oNiO y1comparison to Ni D H s y58 kcal mol ,f
oWO3 y1 w x.D H sy200 kcal mol 11 , W is preferentiallyf
Fig. 5. AES depth pro®les of W Ni N coating oxidized at 7008C,70 15 15
30 min.
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oxidized. As this process occurs, the Ni is depleted
forming a continuous layer of NiO at the surface. In
the interface between NiO and WO oxides, W can bex
combined with NiO forming the NiWO spinel. There-4
fore, for oxidation to proceed it will be necessary for
Ni2q ions to diffuse outwards through the WO , NiWOx 4
and NiO layers, to form the NiO oxide on the external
surface. However, oxygen will have also to diffuse in-
ward through the WO layer. For lower Ni contentsx
 .-5 at.% , the NiO and NiWO layers are very thin4
and the limiting step is the inward diffusion of oxygen
ions through the WO layer. In this case, both oxida-x
tion rates and activation energy similar to those of a
single W ®lm were obtained. For higher nickel con-
tents, the limiting step for the oxidation process is the
outward Ni2q diffusion through NiO and NiWO lay-4
ers which explains the higher value found for the
apparent activation energy. According to some authors
w x15 these apparent activation energy values are close
to those indicated for the oxidation of nickel. For low
oxidation temperaturershort oxidation time there is no
formation of continuous NiOrNiWO layers and the4
limiting step continues to be the inward diffusion of
O2y ions through WO layers.x
This interpretation was supported by X-ray results
that showed the presence of NiO, NiWO , WO and4 x
 .WO phases in the oxidized sample Fig. 4 . EDS on3
the cross-section of the oxidized sample proved that
there was an accumulation of Ni close to the sample
surface. Finally, as shown in Fig. 5, it is possible to
detect the presence of higher contents of nickel and
oxygen and the absence of tungsten near the surface of
the oxidized sample, demonstrating the formation of
the external NiO layer.
Another point that should be taken into account,
during the analysis of the oxidation of these type of
coatings, is the structural transformation that they can
undergo with temperature increase. When the content
Fig. 6. SEM micrographs showing the preferential oxidation in par-
ticular zones of W Ni N sputtered ®lms annealed in air at 7508C,66 18 16
60 min.
 .Fig. 7. Isothermal oxidation curves of W]M MsNi, Ti and Si
sputtered ®lms annealed in air at 7008C, 30 min.
of nickel is high enough, W]N]Ni coatings have an
amorphous as-deposited structure. For temperatures
close to 7508C, their crystallization begins to occur in
particular zones of the coating. As a result of this
transformation important stresses are created that
could give rise to the spalling of the protective oxide
layers, enhancing coating degradation in those zones
 .see Fig. 6 .
The in¯uence of the addition of silicon on the
W]NrC sputtered ®lms is similar to that found for the
addition of nickel. For ®lms without nitrogen, the best
oxidation resistance is attributed to ®lms containing
silicon in comparison to ®lms containing nickel and
titanium, if similar contents of these elements are
 .considered Fig. 7 . However, in W]M]N ®lms the
inverse is observed compare in Fig. 8, W Si N and68 14 18
.W Ni N ®lms . When higher contents of silicon are66 16 18
considered, better oxidation resistance is obtained in
W]Si]N coatings. Moreover, although in Fig. 8 the
 .Fig. 8. Isothermal oxidation curves of W]N]M MsNi and Si
sputtered ®lms annealed in air at 7508C, 30 min.
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isothermal oxidation curves of samples W Si N and41 41 18
W Ni N are very similar, for higher temperatures66 16 18
these differences are enhanced, showing that the
W Si N coating has much better oxidation be-41 41 18
haviour. It should be noted that the coating containing
silicon is only completely oxidized for isothermal an-
nealing at 9508C, whereas W Ni N coating reaches66 16 18
this situation immediately at 8008C.
X-ray diffractograms of the oxidized W]Si]N coat-
ings show approximately the same trends. Fig. 9 pre-
sents, as an example, the X-ray diffractogram of sam-
ples W Si N and W Si N . The oxide peaks are41 41 18 68 14 18
broader than those obtained for W, W]CrN, W]Ti-
CrN and W]Ni]CrN coatings and no sign of the
so-called WO oxide was detected. Moreover, besidesx
the main peak of WO oxide and the peaks belonging3
to the non-oxidized coating and to the substrate, no
other oxide phase, in particular containing silicon, was
detected. If the type of the oxides formed during the
oxidation process is the same for the coatings contain-
ing low and high silicon contents, better oxidation
behaviour of high Si ®lms can only be explained by a
process similar to that described above for ®lms con-
taining nickel, i.e. only if a certain content in silicon
exists in the coating a protective layer can be formed.
The existence of this protective layer is clearly demon-
strated by using Auger analysis. Fig. 10b shows the
results of the AES analysis carried out at consecutive
points, following the line shown in the micrograph of
Fig. 10a. This picture represents the crater created by
the wear induced by a rotating ball on the surface of
W Si sample. The line shown in the picture goes69 31
from the oxide surface, through the oxidized and non-
oxidized coating to the substrate. As can be concluded
close to the oxide surface only Si and O are detected
meaning that a silicon oxide is formed on that zone.
Fig. 9. XRD diffractograms of W]N]Si coatings annealed in air at
 .  .increasing temperatures; a as-deposited; b 7008Cr30 min.
Fig. 10. AES results obtained from a linear scan performed on the
worn zone of the surface of an oxidized W Si sputtered coating69 31
 .annealed in air at 8508C, 30 min; a SEM micrograph showing the
zone of the ball crater when the linear scan was performed the total
.  .line length is 0.6 mm ; b AES results.
The non-detection of this layer by X-ray diffraction
w xmeans that it is amorphous. It is well known 16]19
that in the oxidation of Si-based materials a protective
amorphous silica layer is built up. The SiO oxide2
crystallizes only at temperatures higher than 10008C
w x20 .
This silicon oxide layer is only ef®cient in the protec-
tion of the coatings against oxidation, if in this case the
mechanism that rules oxidation behaviour is ion diffu-
sion through the silicon oxide layer; otherwise, the
oxidation rate is controlled by ion diffusion through the
tungsten oxide scale. The evaluation of the apparent
activation energy for the oxidation of W]Si]N coatings
con®rms the above mentioned facts. For example, for
the above presented W Si N and W Si N coat-68 14 18 41 41 18
ings the E values were 194 kJ moly1 and 130 kJa
moly1, respectively. The ®rst value is similar to that
found for the oxidation of tungsten. The other value is
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very close to that presented in the literature 120 kJ
y1 . w xmol for the diffusion of oxygen in SiO oxide 21 .2
4. Conclusions
The in¯uence of the addition of different elements
to sputtered W-based coatings on their oxidation resis-
tance was studied. Depending on the type of element
addition, different mechanisms were identi®ed to un-
derstand the oxidation behaviour. The general conclu-
sions for the studied elements were:
1. N and C improves the oxidation resistance of tung-
sten sputtered coatings, by interfering with inward
oxygen diffusion; however, their accumulation in
form of bubbles on the interface oxidercoating can
lead to ¯aking of the protective oxide scale;
2. Ti signi®cantly improves the oxidation resistance of
the W-sputtered coating, in the case of the forma-
tion of TiO rTi O oxide as small particles in the2 3 5
grain boundaries of the tungsten oxide layer. These
particles obstruct the movement of the oxygen by
grain boundaries forcing their inward diffusion by
bulk material. This only takes place if the as-de-
posited structure of the coatings is the a-W phase.
For W]Ti]N ®lms with nitride phases W N, no2
independent titanium oxide particles are formed
and the improvement is much smaller;
3. Both Ni and Si have a similar signi®cant in¯uence
on the oxidation behaviour of W-based coatings. If
their content in the as-deposited ®lms is high
enough, continuous layers of NiOrNiWO and4
amorphous Si]O oxides are formed, contributing
to a decrease in the ion diffusion rate, which im-
proves oxidation resistance. In some cases, these
coatings have as-deposited amorphous structures
which after crystallization can induce the ¯aking of
the protective oxide scale, due to dimensional vari-
ation. For the ®lm with a high content of silicon,
annealing temperatures as high as 9508C can be
reached without the total oxidation of the coating
during a 30 min isothermal annealing.
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